Introduction
system. 3, 4) Nearly 50% of individuals with NS carry PTPN11 gene mutation. Other gene mutations including SOS1, RAF1, KRAS, NRAS, BRAF, and MAP2K1 have been implicated in NS etiology. However, 20% of clinically diagnosed patients lack biochemical markers associated with gene mutations. Hearing loss is a common complication associated with NS. Otitis media is the most common cause of hearing loss. 4) Sharland, et al. 2) reported that the incidence of hearing loss in 146 patients with NS was 40%. In 3% of these patients, hearing loss was sensorineural and in the remaining patients, it involved a conductive hearing loss. In 2015, van Trier, et al. 5) reported the results of hearing evaluation in 34 patients with NS. Nine patients showed sensorineural hearing loss and three patients showed a progressive hearing loss. In addition, the hearing levels of individuals with sensorineural loss in NS ranged from normal hearing to severe hearing loss. 5, 6) Inner ear abnormalities, including temporal bone and vestibular abnormalities have been described previously. 7, 8) In the case of patients with severe-to-profound sensorineural hearing loss, cochlear implantation (CI) is indicated as a rehabilitation method. However, limited information is known concerning the outcome of CI in NS children with or without comorbidities. Therefore, we sought to report the outcomes of five children with NS who underwent a CI in their early ages.
Subjects and Method

Patients
We retrospectively reviewed a cohort of pediatric CI recipients in a tertiary referral center. Five NS patients were eligible subjects in this cohort. All patients were referred to an otorhinolaryngology clinic for a suspicious hearing loss in their first or second years of life after the newborn infant screening and were diagnosed with NS by pediatricians following screening for gene mutations or a clinical scoring system. Before assessing the hearing levels, full physical evaluations were performed and appropriate management including ventilation tube insertion was conducted if the patients showed evidence of otitis media. Therefore, a series of audiological tests were performed without any signs or symptoms of otitis media. Hearing loss was confirmed with a series of audiological evaluations, including Auditory Brainstem Response, Auditory Steady State Response, Oto Acoustic Emission, and visual reinforcement behavioral audiometry before using hearing aids bilaterally. Hearing amplification was used immediately after confirmation of the hearing loss.
After the adequate use of hearing aids, we evaluated auditory/ speech perception and speech production as pre-CI assessment within six months of CI. Temporal bone CT and MRI of the head were performed in all patients. To describe the age of the patients, the year, month or number of weeks were used.
This retrospective study was approved by Samsung Medical Center Institutional Review Board (SMC 2017-08-055-001).
Outcome measurements
Regular assessment post-CI included testing for auditory perception and speech. The auditory perception was assessed with Categories of Auditory Performance (CAP) scores. Speech production scale, the Korean Version of the Ling's Stage (K-Ling), 9) was adapted to assess speech production. Both auditory perception and speech production were assessed by an experienced speech therapist.
To assess the vocabulary and language development, we used Receptive and Expressive Vocabulary Test (REVT).
10)
The REVT was developed to assess the receptive and expressive vocabulary abilities from infants to adults in the Korean population. To be eligible for evaluation, the individuals need to attain at least the 30-month level of appropriate language development. The results of REVT were displayed as an age equivalent according to the patient`s vocabulary development status.
Analysis of data
Results of initial and follow-up assessment after CI were plotted for individual subjects according to their chronological age.
Results
Demographics
Five NS patients including four with a PTPN11 mutation, and one testing negative in mutational screening and diagnosed with the clinical scoring system, were included. Age at the first CI ranged from 16 to 50 months. One patient (no. 3) underwent ventilation tube insertion bilateral for otitis media before the audiological tests. Two patients showed vestibulecochlear abnormalities in MRI, one with enlarged vestibular endolymphatic space and the other with hypoplastic cochlear nerve. One female patient (no. 4) was diagnosed with developmental delay at six months of age using the Denver developmental screening test. In all children, CI was successfully performed without any intraoperative complications despite various cardiac anomalies. Patients' clinical characteristics were summarized in Table 1 .
Auditory perception: CAP scores
Results of initial and follow-up CAP scores were plotted for individual patients in Fig. 1 . The first dots of each line indicate the results of preoperative evaluation. A single patient (no. 4) did not show any improvement after the CI and remained at CAP 1 score. Other patients showed gradual improvement in auditory perception after the CI.
Speech production: K-Ling
Results of initial and follow-up K-Ling stages were plotted for individual patients in Fig. 2 . The first dots of each line reveal preoperative test results. One patient (no. 4) remained in stage 1 after 4 years of CI. Patient no. 1 underwent CI at the age of 50 months and demonstrated improvement in speech production, and progressed to stage 4 (phonologic development) and stage 5 (phonetic development), which suggested that the patient uttered clear words with a satisfactory voice pattern, and used most vowels with good affricative sounds. Other patients showed gradual improvement in speech production and reached the maximum stage of phonetic and phonologic development in K-ling evaluation.
Vocabulary and language development: REVT
Results of REVT evaluations are plotted for individual patients in Fig. 3 . Patient no. 4 did not show any improvement in vocabulary development. Patient no. 1 showed expressive (59 months in equivalent age) and receptive (77 months in equiva- 
Discussion
It is well-known that early CI in infants with profound hearing loss is the key to achieving full potential, and reducing or eliminating the need for 'catching up' or learning spoken language at faster rates than normal, to achieve age-appropriate norms. 11) In this report, we described five patients with NS, four with a mutation associated with PTPN11 and one testing negative in mutation screening, and diagnosed with the clinical scoring system. The patients underwent CI at ages ranging from 16 to 50 months. All the patients started with hearing amplification immediately after the diagnosis except for one patient (no. 3), who underwent insertion of ventilation tube bilaterally due to otitis media and delayed confirmation of hearing loss. All the patients were evaluated for performance outcomes regarding auditory perception (CAP), speech production (K-Ling's stage), and language ability (REVT). Three patients who received CI before 30 months of age showed outstanding outcomes. One patient who received CI at 50 months showed limited benefit. However, his auditory perception and language ability were gradually improved with proper rehabilitation and speech therapy. The patient with developmental delay and hypoplastic cochlear nerve in MRI scan showed limited development despite early implantation. Developmental delay and cochlear nerve hypoplasia are factors associated with poor CI outcomes in children. 12, 13) Other patients diagnosed with early CI in our study received appropriate benefit and showed development in language and auditory perception following CI. Children with NS and diagnosed with profound hearing loss represent candidates for hearing rehabilitation following CI. Early intervention with CI in NS contributes to development of spoken language and intelligible speech in line with their peer groups. Studies reported the outcomes of CI in eight patients carry- 
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ing a PTPN11 mutation and diagnosed with NS or NS with multiple lentigines (NSML). [14] [15] [16] In the study of van Nierop, et al. 14) reporting the outcome of five children with NS or NSML, all the patients who received CI showed audiological improvement. However, they reported a limited benefit of CI in terms of language development, due to patients' intellectual disability and severe hearing loss during the first few years of life. We provide additional insights into the outcome of CI in children with NS with or without comorbidities. We showed that children with NS without intellectual comorbidities achieved not only audiological improvement but also developed language skills. In a few patients with NS, a histopathologic analysis revealed hearing loss associated with inner ear abnormalities including a reduced number of spiral ganglia, enlarged lateral semicircular canal, and dislocated endolymphatic sac and vestibular aqueduct.
17) The structural and vestibular abnormalities associated with the inner ear may manifest as sensorineural hearing loss in NS. Sensorineural hearing loss in NS ranged from normal or mild high-frequency hearing loss to a profound (uni-or bilateral) hearing loss. 5, 6) The prevalence of hearing loss and possible delay in speech associated with NS were documented in previous reports. Therefore, individuals suspected with NS are required to undergo hearing evaluation at an early age. A careful follow-up from early childhood throughout life is recommended. Hearing aids and other aural rehabilitation should be used by children with more than a mild hearing loss as early as possible. Individuals with NS diagnosed with profound hearing loss require appropriate rehabilitation using CI. Interestingly, this report included one patient (no. 4) who was diagnosed with profound hearing loss and underwent CI at age 28 months. This is the first patient with NS who received the CI without a diagnosed PTPN11 mutation. She tested negative in gene mutation tests and was therefore, diagnosed with a clinical scoring system. Incomplete data are available regarding the deaf patient without PTPN11 gene mutation. Therefore, patients with NS manifest a potentially diverse range of diagnostic results associated with hearing loss.
In summary, our report suggests that although the benefits of treatment and rehabilitation may be affected by comorbidities associated with NS or delayed hearing, patients with NS manifesting profound hearing loss can regain their linguistic abilities on par with normal peers. In addition, the variable expression of hearing levels in patients with NS underscores the need for early screening and evaluation of profound hearing loss, with regular follow-up.
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